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HIV-1 proteins are synthesized from a single transcript in an unspliced form or following splicing, but the existence of an anti-
sense protein (ASP) expressed from an antisense polyadenylated transcript has been suggested. Difficulties linked to the detec-
tion of this protein in mammalian cells led us to codon optimize its cDNA. Codon-optimized ASP was indeed efficiently detected
in various transfected cell lines following flow cytometry and confocal microscopy analyses. Western blot analyses also led to the
detection of optimized ASP in transfected cells but also provided evidence of its instability and high multimerization potential.
ASP was mainly distributed in the cytoplasm in a punctate manner, which was reminiscent of autophagosomes. In agreement
with this observation, a significant increase in ASP-positive cells and loss of its punctate distribution was observed in transfected
cells when autophagy was inhibited at early steps. Induction of autophagy was confirmed by Western blot analyses that showed
an ASP-mediated increase in levels of LC3b-II and Beclin 1, as well as colocalization and interaction between ASP and LC3. Inter-
estingly, Myc-tagged ASP was detected in the context of proviral DNA following autophagy inhibition with a concomitant in-
crease in the level and punctate distribution of LC3b-II. Finally, 3-methyladenine treatment of transfected or infected U937 cells
decreased extracellular p24 levels in wild-type proviral DNA and to a much lesser extent in ASP-mutated proviral DNA. This
study provides the first detection of ASP in mammalian cells by Western blotting. ASP-induced autophagy might explain the
inherent difficulty in detecting this viral protein and might justify its presumed low abundance in infected cells.

Human immunodeficiency virus type 1 (HIV-1) is a complex
retrovirus which harbors all three common retroviral genes

(gag, pol, and env), in addition to two regulatory genes (tat and
rev) and four accessory genes (vif, vpr, vpu, and nef). All of these
genes are expressed through a single transcript initiating from the
promoter-harboring 5= long terminal repeat (LTR) region. The
various viral proteins are synthesized from unspliced, mono-
spliced, or multispliced forms of this major transcript and then
assume their functional roles in infected cells. Early studies had
suggested, however, that another gene, encoding antisense protein
(ASP), could be expressed through an antisense transcript (1–3).

Antisense transcription is a more common phenomenon than
previously thought (4–7). The possible existence of antisense tran-
scription in retroviruses had also been suggested (3, 8). More re-
cent studies have further confirmed its existence in members of
the human T cell leukemia virus retrovirus family and have fur-
ther highlighted that these antisense transcripts are spliced and
encode proteins with a capacity to modulate the transactivation
potential of multiple cellular transcription activators (9–23).
Based on the presence of a conserved open reading frame (ORF)
on the antisense strand of HIV-1 proviral DNA, antisense tran-
scription has also been suggested for HIV-1 (3). In fact, we and
others have provided evidence for the existence of antisense tran-
scripts overlapping the ASP ORF region with transcription initia-
tion sites located near the 3= LTR and the poly(A) signal in a
complementary region of the pol gene (1, 2, 31).

Bioinformatic analyses have indicated that the presumed en-
coded ASP is highly hydrophobic, harboring a cysteine-rich
amino region and potential transmembrane domains (3). How-
ever, early detection of ASP had been limited to electron micros-
copy (EM) studies of infected and transfected cells and in vitro
translation studies (32). More recently, we have demonstrated

that ASP could be analyzed by immunofluorescence microscopy
and localized at the plasma membrane of T cells (33). Despite
these studies, no functions have yet been suggested for this new
viral protein due to the difficulties related to its detection. One
explanation is linked to its cysteine-rich region, which might me-
diate strong agglomerated complexes. Protein aggregates have
previously been linked to the degrading autophagic pathway (34).

Autophagy is a cellular homeostasis mechanism mediating
degradation of long-lived proteins and cellular organelles. Typical
autophagy (also known as macroautophagy) involves the forma-
tion of the autophagosome, a double membrane vesicle which,
upon fusion with lysosomes, forms the autolysosome, thereby de-
grading delivered contents. Molecular studies of autophagy dem-
onstrate a conserved mechanism during evolution, which involves
several Atg proteins playing distinct roles during each step (35–
37). One of the important autophagy-associated proteins is the
microtubule-associated protein (MAP) light chain 3b (LC3b), an
LC3 isoform known as a marker for autophagosomes (38). This
LC3 isoform is cleaved as the cytoplasmic LC3-I form, which,
upon induction of autophagy, is linked to phosphatidylethano-
lamine at its C terminus and is associated with the autophago-
somal membrane as the LC3-II form (38, 39). In recent years,
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several studies have demonstrated the implications of autophagy
in virus replication (40–42) and, more specifically, in HIV-1 in-
fection and pathogenesis (43–49). In T cells, HIV-1-induced au-
tophagy has been suggested to depend on the surface expression of
Env proteins, leading to apoptosis of infected and uninfected
CD4� T cells (43, 45, 46, 50). In sharp contrast, in macrophages,
HIV-1-induced autophagy increases viral replication and is inhib-
ited at late stages, i.e., at the step of fusion of autophagosomes with
lysosomes, a process which is driven by Nef through its interaction
with Beclin 1, another induced autophagy marker (47). Several
aspects of autophagy in macrophages have yet to be elucidated,
and the actual inducer remains to be identified.

The study of ASP is highly important, as no information is
currently available as to its function. Thus, it is important to seek
a better understanding of how this protein could affect HIV-1
replication and/or cellular functions. In the present study, we used
a codon-optimized version of ASP DNA to improve its detection.
Using anti-ASP and anti-Myc antibodies, ASP was detected in
different mammalian cell lines by flow cytometry and confocal
microscopy, and was further shown to aggregate by Western blot
analyses. In transfected cells, a punctate ASP signal was noted,
which was reminiscent of autophagosomes. Interestingly, inhibi-
tion of autophagy at an early step increased the number of ASP-
positive cells but led to a loss in the number of ASP puncta. In
addition, the LC3b-II isoform was more abundant in ASP-ex-
pressing cells and colocalized and interacted with ASP. Our study
further led to the detection of ASP in cells transfected with a Myc-
tagged ASP-expressing proviral DNA construct upon autophagy
inhibition. Finally, we show that HIV-1 replication in U937 cells
was dependent on wild-type (WT) ASP expression and that au-
tophagy played a distinct role.

MATERIALS AND METHODS
Cell lines, antibodies, and chemical products. African green monkey
kidney (COS-7), human embryonic kidney 293T fibroblast, and human
cervical HeLaCD4-LTR/�gal cell lines were maintained in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (PAA Laboratories Inc., Toronto, Canada). The Jurkat E6.1
T and monocytic U937 cell lines were cultured in RPMI 1640 medium
supplemented with 10% FBS. The anti-Myc antibody (hybridoma) was
purchased from the ATCC, and the mouse anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) antibody was ordered from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). The anti-LC3b antibody (AP1802a)
was purchased from Abgent (Brockville, Canada). The anti-Beclin 1 anti-
body (sc-48431) was purchased from Santa Cruz Biotechnology Inc. En-
hanced chemiluminescence sheep anti-mouse IgG and anti-rabbit IgG
antibodies coupled to horseradish peroxidase were obtained from GE
Healthcare Inc. (Buckinghamshire, United Kingdom), and the goat anti-
mouse IgG antibody coupled to the Alexa fluor 488 (A11001) was ordered
from Invitrogen Canada Inc. (Burlington, Canada). Anti-HIV-1 ASP
polyclonal antibodies were produced by immunizing rabbits with a syn-
thetic peptide coupled to keyhole limpet hemocyanin. The selected pep-
tide corresponds to an hydrophilic region of ASP, PAAPKNPRNKAPIPT
(residues 47 to 61) (Fig. 1) (Eurogentec, Seraing, Belgium). Autophagy
inhibitors 3-methyladenine (3-MA), chloroquine, and bafilomycin A1
(Baf A1) were all obtained from Sigma-Aldrich (Toronto, Canada).

Purification of recombinant ASP. The ASP cDNA was amplified by
PCR with the addition of a Myc tag and a 6-His tag at the NH2 and COOH
extremities, respectively, and then cloned into the pFastBac vector.
DH10Bac transformation with this construct generated a recombinant
bacmid, which was then transfected in Sf9 cells to generate high concen-
trations of recombinant baculoviruses expressing ASP, as previously de-

scribed (51). Recombinant ASP was produced from baculovirus-infected
Sf9 cells using the BAC-TO-BAC expression system (Invitrogen). Proteins
were purified from 1-liter spinner flasks of Sf9 cells (1 � 106 per ml)
infected with ASP-expressing baculoviruses (multiplicity of infection,
�10) for 3 days at 27°C. Cells were harvested, frozen in dry ice, and stored
at �20°C. The cell paste was resuspended in 80 ml of phosphate (P) buffer
(50 mM NaPO4, pH 7.0, 0.5 M NaCl, 10% glycerol, 0.02% Triton X-100,
0.02% �-mercaptoethanol) containing 5 mM imidazole and protease in-
hibitors. The suspension was lysed using a Dounce homogenizer (10
strokes), sonicated, and then homogenized a second time. Insoluble ma-
terial was removed by centrifugation at 30,000 rpm for 1 h in a T647.5
rotor. The supernatant was loaded on a 5-ml Talon column (BD Biosci-
ence, Mississauga, Canada) and washed stepwise with P buffer containing
20 and 30 mM imidazole. ASP was then eluted with a 40-ml linear gradient
of 0.05 to 0.5 M imidazole in P buffer. Carefully selected fractions were
dialyzed for 90 min against storage buffer (20 mM Tris-Cl, pH 7.5, 200
mM NaCl, 10% glycerol, 1 mM dithiothreitol [DTT]) and stored in ali-
quots at �80°C (51).

Plasmids and transfection. For detection in mammalian cells, the
ASP ORF sequence was PCR amplified from pNL4.3 proviral DNA using
the primers 5=-AT GAA TTC ATG GAA GAG CAG AAG CTG ATC AGC
GAG GAG GAC CTG ATG CCC CAG ACT GTG AGT TGC AAC-3=
(forward) and 5=-AT GGT ACC CTA CTG TAA TTC AAC ACA ACT
GTT TAA TAG TAC-3= (reverse) with a Myc tag added at the N-terminal
end (boldface). The amplified DNA was next cloned into the pcDNA3.1
expression vector under the cytomegalovirus (CMV) promoter. For
codon optimization of the ASP ORF, an optimized cDNA sequence with a
Myc tag at the N-terminal end was generated by Genscript Corp. (Pisca-
taway, NJ) and equally cloned into pcDNA3.1 following digestion with
EcoRI and KpnI. As an additional construct, the optimized ASP was also
PCR amplified from the Myc-tagged optimized ASP construct using the
primers 5=-ATG AAT TCA TGT GTT GTC CCG GCT GTT GTC CCC
AGA CCG GTA-3= (forward) and 5=-ATG GTA CCT CAC TGC AGC
TCC AC-3= (reverse) with a tetracysteine (TC) tag added the N-terminal
end (boldface). The amplicon was cloned into pcDNA3.1 as described
above. The pGFP-optimized ASP expression vector was generated by
cloning the optimized ASP cDNA in the EcoRI/KpnI-digested peGFP-C1
vector downstream and in frame with the green fluorescent protein (GFP)
ORF. The NL4.3�5=LTR ASP-Myc construct was derived from the
pNL4.3�5=LTR ASP-Flag construct previously described (33). The in-
serted Flag tag at the COOH end of the ASP sequence was removed fol-
lowing NcoI/XbaI digestion of the ASP-containing NheI/BamHI frag-
ment cloned into the pGL3basic vector and replaced by the Myc tag. The
resulting NheI/BamHI fragment was cloned back into the pNL4.3�5=LTR
vector. The ASP-mutated pNL4.3�5=LTR-ASP67stop-Myc proviral DNA
was also generated from a Flag-tagged version of an ASP-mutated NL4.3
proviral DNA, which has also been previously described (33) and contains
a stop codon at codon 67 (TGC to TGA). The GFP-LC3 expression vector
(24) (plasmid 22405; Addgene) was generated by Jayanta Debnath and
provided by Addgene (Cambridge, MA). The vector expresses a GFP-LC3
chimeric protein. The pRcActin-LacZ plasmid expressed the �-galactosi-
dase gene under the control of the �-actin promoter. COS-7 and 293T
cells were transfected using Lipofectamine 2000 (Invitrogen) according to
recommendations of the manufacturers. Briefly, 1 day before transfec-
tion, 293T or COS-7 cells (5 � 105 cells per well) were plated. Cells were
transfected with 5 �g DNA in the presence of 10 �l of Lipofectamine 2000.
Jurkat cells (1.5 � 105) were microporated with the MP-100 device (a
single pulse of 1,350 V for 30 ms; Digital Bio, Montreal, Canada) with 1 �g
of expression vectors. U937 cells (1 � 106) were transfected with 2 �g
plasmids with the Nucleofector II apparatus according to the manufac-
turer’s recommendations (Amaxa Biosystems). For certain experiments,
transfected COS-7 and U937 cells were treated with 3-methyladenine (10
and 2.5 mM, respectively) for 4 to 24 h or with bafilomycin A1 (100 nM)
for 2 h.
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Preparation of cellular extracts. Transfected cells were washed in
phosphate-buffered saline (PBS), and proteins were isolated in different
lysis buffers: buffer A (50 mM Tris-HCl, 150 mM NaCl, 0.5% NP-40, and
protease inhibitor cocktail in tablets), radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS). In addition, hydrophobic cell fractions
were also prepared using the Mem-PER Eukaryotic Membrane Protein
Extraction kit (Thermo Fisher Scientific, Rochester NY) according to the
manufacturer’s recommendations. Protein concentrations were deter-
mined with the bicinchoninic acid (BCA) protein assay (Thermo Fisher
Scientific Inc.).

Immunoprecipitation experiments and Western blot analyses.
Dynabeads protein G (Invitrogen) were used according to the manufac-
turer’s recommendations. Briefly, 50 �l of Dynabeads protein G was in-
cubated with 5 �g of antibodies. Cellular extracts were then incubated for
2 h with antibody-coupled Dynabeads. Protein-antibody-bead complexes
were washed and eluted in denaturing conditions using NuPAGE LDS
sample buffer (Invitrogen) and NuPAGE sample reducing agent (Invitro-
gen) according to the manufacturer’s instructions. Cellular extracts and
immunoprecipitated samples were migrated on a 12% SDS-PAGE and

transferred onto a polyvinylidene difluoride (PVDF) membrane. Mem-
branes were next blocked in 5% milk and incubated with an anti-Myc
antibody (1/250) in the presence of Signal Boost (Millipore, CA) and with
an anti-LC3b (1/500), anti-Beclin 1 (1/500), or anti-GAPDH (1/1000)
antibody. Membranes were further incubated with a goat anti-mouse IgG
antibody conjugated with horseradish peroxidase (1/5,000) or with a sim-
ilarly coupled goat anti-rabbit IgG antibody (1/10,000). Signals were de-
tected with the BM Chemiluminescence Blotting Substrate kit (Roche
Diagnostics), and membranes were subsequently analyzed with Fusion
FX7 (Vilber Lourmat, France).

Confocal microscopy. COS-7 and 293T cells were seeded in 24-well
plates containing a 1.5-mm-thick coverslip for 24 h and then transfected
with pcDNA3.1 (as a control) and expression vectors for nonoptimized or
optimized Myc-tagged ASP cDNA. At 48 h posttransfection, cells were
washed with PBS, fixed with 4% formaldehyde for 10 min, and permeab-
ilized with 0.1% Triton X-100 for 5 min at room temperature. Cells were
then washed three times with PBS and incubated with the anti-Myc anti-
body (dilution, 1:250) overnight at 4°C. Cells were washed three times
with PBS and incubated with goat anti-mouse IgG coupled to Alexa fluor
488 for 1 h at room temperature. Cells were washed twice with PBS and

FIG 1 ASP ORF is localized on the minus strand of HIV-1 proviral DNA and is highly conserved between different HIV-1 strains. (A) Schematic localization of
the ASP ORF in the proviral DNA of HIV-1 and position of other known HIV-1 genes. (B) Amino acid sequences of ASP from different strains (AP033819.3,
AF324493.2, CUS41617.1, and M19921.2) were aligned using WorkBench 4.0. Potential transmembrane domains (TM) are indicated by blue boxes, while
cysteine triplets and the PXXP motif are highlighted by red and green boxes, respectively. The position of the peptide sequence used for the production of the
polyclonal anti-HIV-1 ASP antibody is indicated with a black bracket.
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incubated in a 2.5 �g/ml propidium iodide (PI) solution. Coverslips were
then mounted in a drop of ProLong Antifade (Invitrogen). Jurkat and
U937 cells were transfected with pcDNA3.1, peGFP, pGFP-optimized
ASP, or the TC-tagged optimized ASP expression vector. U937 cells were
then incubated with phorbol myristate acetate (PMA; 50 ng/ml) for 18 h
prior to analyses. At 40 h posttransfection, cells were either directly ob-
served for GFP fluorescence or labeled with the TC-FlAsH II In-Cell Tet-
racysteine Tag Detection kit (Invitrogen) for TC-tagged ASP expression
vectors. Briefly, cells were washed twice with RPMI 1640 and incubated
with 0.5 �M FIAsH solution for 5 min at 37°C. Cells were washed in BAL
wash buffer and in RPMI 1640 as a final wash. For TC detection, Jurkat
cells were initially plated on coverslips coated with poly-L-lysine before
labeling, as previously described by Clerc et al. (33). For colocalization
analysis with LC3, cells were first cotransfected with GFP-LC3 (Addgene,
Cambridge, MA) and an ASP expression vector and then incubated with
the anti-Myc antibody (dilution, 1:250), followed by the goat anti-mouse
IgG antibody coupled to Alexa fluor 568, as indicated above. Cells were
analyzed at 48 h posttransfection. All cell samples were visualized with an
MRC1024 laser-scanning confocal microscope (Bio-Rad, Hercules, CA)
at room temperature using a 60� objective under oil immersion and with
a numerical aperture of 1.4 or with a Nikon A1 laser-scanning confocal
microscope (Nikon Canada, Mississauga, Canada).

Flow cytometry analyses. Transfected COS-7, 293T, and U937 cells
were washed with PBS, fixed with 4% formaldehyde for 10 min, and per-
meabilized with 0.1% Triton X-100 for 5 min at room temperature. Cells
were then washed three times with PBS and incubated with the anti-Myc
antibody (dilution, 1:250) overnight at 4°C. After three additional washes
with PBS, cells were incubated with goat anti-mouse IgG antibodies cou-
pled to Alexa fluor 488 for 1 h at 4°C. Cells were fixed with 1% formalde-
hyde and incubated overnight at 4°C before analysis with the FACScan
device (BD Biosciences).

Multimerization assay. Purified ASP (5 �g) was incubated with in-
creasing concentrations of glutaraldehyde (from 0.005 to 1%) during 30
min at room temperature. As a second series of conditions, purified ASP
was incubated with 0.05% glutaraldehyde for 2, 5, 10, 20, and 30 min at
room temperature. All reactions were stopped by adding 1 M Tris-HCl,
pH 8.0. ASP complexes were analyzed by migration on 12% SDS-PAGE
and Western blot detection with anti-Myc antibodies.

Production of pseudotyped virions for infection. Pseudotyped
HIV-1 virions were produced as previously described (27, 33). 293T cells
were plated 16 h before transfection and then transfected with WT or
ASP67stop-mutated pNL4.3-env� proviral DNA (30 �g) and the vesicu-
lar stomatitis virus G envelope protein (VSVg) expression vector (15 �g)
using the Lipofectamine 2000 reagent according to the manufacturer’s
instructions. Twenty-four hours after transfection, culture media were
renewed. After 48 h of transfection, supernatants were harvested and fil-
tered through a 0.45-�m-pore size cellulose acetate membrane. Virus
stocks then were aliquoted and frozen at �80°C. All virus stocks under-
went a single freeze-thaw cycle before use in infection studies. Virus stock
titers were determined by a p24 enzyme-linked immunosorbent assay
(ELISA) as previously described (27).

Detection of viral p24 capsid protein in transfected and HIV-1-in-
fected cells. 293T, HeLaCD4-LTR/�gal, U937, and Jurkat cells were
cotransfected with pcDNA3.1, pNL4.3-ASP WT, or pNL4.3-ASP67stop
and pRcActin-lacZ (for normalization of transfection experiments).
Treatment by 3-MA was performed for 4 h prior to analyses. At 48 h
posttransfection, supernatants were harvested and levels of the HIV-1 p24
protein determined by a p24 ELISA, as previously described (52). For
infection experiments, U937 cells were induced to differentiate for 18 h in
PMA. Fresh medium was added, and after 48 h, 100 ng of p24 of VSVg-
pseudotyped NL4.3-ASP WT or NL4.3-ASP67stop was incubated with
1 � 106 cells for 5 h. Cells were washed twice with 1� PBS and cultured for
6 days. At days 3 and 6, 3-MA treatment (2.5 mM) was performed for 4 h
prior to analyses. Supernatants were harvested and p24 levels were deter-
mined with a p24 ELISA.

Statistical analysis. Experiments were performed in triplicate and in-
dependently conducted two to three times. For flow cytometry experi-
ments and counts of ASP-positive cells or GFP-LC3� puncta in confocal
microscopy experiments, results are expressed as means � standard de-
viations (SD) and statistically analyzed using GraphPad Prism software
through a one-way analysis of variance (ANOVA) followed by a Tukey
test (P 	 0.05 was considered significant). Densitometry analyses were
performed in certain Western blot experiments and statistically analyzed
using GraphPad Prism software through a one-way ANOVA followed by
a Tukey test (P 	 0.05 was considered significant). Graphs represent the
results for one experiment, which is representative of repeated experi-
ments.

RESULTS
Detection of ASP in Sf9 cells. Our previous study had demon-
strated that antisense transcripts initiating at the border of the 3=
LTR and terminating in the pol region was produced as an un-
spliced form and therefore could mediate synthesis of ASP (27).
The ASP ORF is located in the complementary segment of the env
gene encompassing the cleavage site needed for the generation of
the two Env subunits, gp120 and gp41, and the rev-responsive
element (RRE), an RNA stem-loop structure responsible for shut-
tling of unspliced and singly spliced HIV-1 sense transcripts
(Fig. 1A). The predicted amino acid sequence is highly conserved
among HIV-1 isolates and is also conserved in certain simian
immunodeficiency virus (SIV) genomes (Fig. 1B). Interesting
features of this predicted protein include a cysteine-rich re-
gion, potential transmembrane domains (which could be
membrane-associated), and a PXXP motif.

Given that detection of ASP in mammalian cells remained
problematic, we first opted for the frequently used insect Sf9 cell
line for overexpression studies. Sf9 cells were infected with Myc/
His-tagged ASP-expressing baculoviruses and analyzed at 24 and
48 h postinfection. Confocal microscopy and flow cytometry anal-
yses using an anti-Myc antibody led us to first confirm expression
of the tagged ASP in infected cells (data not shown). Confocal
microscopy presented a strong signal at the cellular periphery and
in the cytoplasmic region, which was excluded from the nuclear
region. Staining of infected cells with the CellMask membrane
marker suggested that ASP could localize to the plasma membrane
(data not shown). Importantly, no similar Myc-specific signals
were obtained in uninfected Sf9 cells or cells infected with bacu-
loviruses expressing His-tagged MRE11, an unrelated protein.
Western blot analyses were next performed using total and soluble
fractions. Importantly, two major signals were observed at 48 h
postinfection, demonstrating the monomeric form in addition to
a high-molecular-mass form (data not shown). At later time
points (72 and 96 h), a variety of signals was observed and again
suggested the presence of multimers.

These results indicated that ASP could indeed be detected in
eukaryotic cells and presented the first successful Western blot
detection of ASP in a eukaryotic cell. Furthermore, our results also
argued for a heterogeneous distribution of ASP, from the plasma
membrane to the cytoplasm.

Detection of ASP in mammalian cells following codon opti-
mization of its cDNA. We next tested various mammalian cell
lines for ASP detection upon expression of Myc-tagged ASP. Our
initial results demonstrated that a very limited number of cells
were positive in transfected COS-7 cells, and that ASP detection
was not possible by either Western blot or flow cytometry analysis.
We opted for an optimization of codons of the ASP cDNA, an
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approach which had also been previously undertaken for other
HIV-1 viral genes (53, 54). To determine if codon optimization of
the ASP cDNA could improve protein expression, nonoptimized
ASP and optimized ASP expression vectors were transfected in
COS-7, and cells were analyzed by flow cytometry (Fig. 2A). In
cells transfected with the optimized ASP expression vector, a sig-
nificant percentage of cells was positive (14.4 versus 2.26% for
pcDNA3.1-transfected cells), while positive cells in nonoptimized
transfected samples were modest. Similar results were obtained
from 293T cells (Fig. 2B). In U937 cells, 3.95% of ASP-positive
cells were detected (Fig. 2C). When Jurkat T cells were transfected
with ASP-expressing vectors, the percentage of ASP-positive cells
was low but reproducible (1.5% for the optimized ASP-expressing
cells) (data not shown).

Taken together, these results demonstrated that ASP could be

detected at low levels in different mammalian cell lines in overex-
pression conditions, and that codon optimization of its cDNA
significantly improved its detection.

Localization of ASP in mammalian cells. Since the optimized
ASP-expressing vector provided us with an improved signal in
tested cell lines, this cDNA version was used to study the localiza-
tion of ASP in mammalian cell lines. COS-7 and 293T cells were
transfected with the optimized Myc-tagged ASP expression vec-
tor. After 48 h, ASP was detected with an anti-Myc antibody, while
nuclei were concomitantly stained with propidium iodide. Con-
focal microscopy analyses revealed a major cytoplasmic distribu-
tion of ASP in these two cells lines, with a partial localization at the
plasma membrane (Fig. 3A and B). Localization of ASP was also
determined in a monocytic and a T cell line. To improve detection
of ASP in these cell lines showing lower transfection efficiency,

FIG 2 Codon optimization of the ASP cDNA increases the number of positive transfected cells in different mammalian cell lines. COS-7 (A), 293T (B), and U937
(C) cells were transiently transfected with pcDNA3.1 or with nonoptimized (ASP) or optimized Myc-tagged ASP expression vectors. At 48 h posttransfection,
cells were fixed and permeabilized with formaldehyde and Triton X-100, as described in Materials and Methods. Cells were analyzed by flow cytometry using a
FACScan with an anti-Myc antibody, followed by the addition of a goat anti-mouse IgG antibody coupled to Alexa fluor 488. Data were acquired with CellQuest
software. Percentages represent the averages � SD from three independent experiments.
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optimized ASP cDNAs were fused with either a tetracysteine (TC)
tag or GFP. Transfected U937 and Jurkat cells again presented
similar cytoplasmic punctate patterns in the majority of positive
cells in these two cell lines, regardless of the nature of the fusion
(Fig. 3C and D). Interestingly, in both cell types a polarized signal
was apparent, further confirming our previous results (31, 33),
although we were not capable of discerning whether part of the
signal was plasma membrane related.

These results demonstrated that cellular localization of ASP in
various mammalian cell lines showed important similarities and
highlighted a punctate cytoplasmic distribution.

Western blot detection of ASP in mammalian cells. Western
blot approaches were undertaken to confirm that, indeed, ASP
could be detected in mammalian cell lines. Although Western blot
analysis of ASP expression has been difficult in previous studies
(32, 33), we reasoned that increased levels of expression obtained
with our codon-optimized ASP expression vector, as observed by
flow cytometry and confocal microscopy, could lead to its detec-
tion by Western blotting. Different buffers were tested in parallel
for the preparation of total extracts from COS-7 cells transfected
with nonoptimized and optimized ASP expression vectors. Know-
ing that ASP is predicted to be highly hydrophobic, extracts en-

riched for membrane proteins were also tested. For all analyzed
extracts, a signal at the expected 20-kDa molecular mass was de-
tected solely in lysates of cells transfected with the optimized Myc-
tagged ASP expression vector (Fig. 4A). In addition, the signal was
more pronounced in extracts enriched with membrane proteins
than residual extracts, thereby suggesting a membrane-associated
characteristic (Fig. 4B). These analyses further revealed the abun-
dant presence of high-molecular-mass bands in transfected mam-
malian cells, possibly indicating a multimerized form of ASP, as
indicated in similar ASP detection analyses in infected insect cells
(data not shown).

In order to more convincingly detect ASP, an anti-ASP an-
tibody was generated against a single peptide located in a rare
hydrophilic region of the protein (Fig. 1). Initial Western blot
analyses using this antibody revealed that numerous nonspe-
cific signals were detected in addition to the expected 20-kDa
band (data not shown). Thus, we opted to use it in immuno-
precipitation experiments. Hence, cellular extracts from
COS-7 and 293T cells transfected with expression vectors for
nonoptimized or optimized ASP were immunoprecipitated
with our anti-ASP antibody, and signals were subsequently re-
vealed with anti-Myc antibodies. Again, a specific 20-kDa band

FIG 3 ASP is mainly distributed in the cytoplasm of positive cells in a punctate manner. COS-7 (A) and 293T (B) cells were transiently transfected with
pcDNA3.1 or with the optimized Myc-tagged ASP expression vector. At 48 h posttransfection, cells were permeabilized and stained as described in Materials and
Methods. Nuclei were stained with propidium iodide (PI), and ASP was detected by an anti-Myc antibody followed by goat anti-mouse IgG coupled to Alexa fluor
488. Merged signals from ASP (green) and nuclei (red) are also presented. Cells were observed with a Bio-Rad laser-scanning confocal microscope (MRC-
1024ES) using a 60� objective under oil immersion and with a numerical aperture of 1.4. LaserSharp software was used for image acquisition. Scale bars, 10 �m.
(C) U937 cells were transiently transfected with pcDNA3.1, peGFP-N1, or the GFP-optimized ASP expression vector. At 24 h posttransfection, cells were treated
with 50 ng/ml PMA. After 18 h of treatment, cells were observed using the Nikon A1 laser-scanning confocal microscope using a 20� objective and with a
numerical aperture of 1.4. The NIS software was used for image acquisition. (D) U937 cells (upper) and Jurkat cells (lower) were transiently transfected with the
TC-optimized ASP expression vector. After 48 h of transfection, Jurkat cells were plated on a coverslip coated with poly-L-lysine. Jurkat cells were then labeled
using the TC detection kit, while U937 cells were directly labeled in suspension before being centrifuged on a coverslip. Cells were visualized with the Bio-Rad
laser scanning confocal microscope (MRC-1024ES) using a 60� objective under oil immersion and with a numerical aperture of 1.4. LaserSharp software was
used for image acquisition. Scale bars, 5 �m.
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was detected only when COS-7 and 293T cells were transfected
with the optimized ASP cDNA vector (Fig. 4C and D). In ad-
dition, the high-molecular-mass signal was present in immu-
noprecipitated complexes, confirming that ASP seemed to
multimerize in mammalian cells.

These results showed that ASP could be detected by Western
blotting in mammalian cells transfected with an expression vector
for a codon-optimized ASP cDNA, and that multimerization of
ASP was again suggested under these conditions.

ASP can multimerize in vitro and is unstable in mammalian
cells. The Western blot analyses described above suggested that
ASP could multimerize at a very high molecular mass. To confirm
that ASP could form aggregates, a multimerization assay was con-
ducted in the presence of glutaraldehyde. ASP purified from the
baculovirus-infected Sf9 cells described above was used in this
assay. In the absence of glutaraldehyde, based on the estimated
resulting molecular mass, ASP formed monomers, dimers, trim-
ers, tetramers, and complexes of higher molecular mass (Fig. 5A).
In the presence of increased concentrations of glutaraldehyde,
low-molecular-mass complexes were gradually less abundant,
while high-molecular-mass multimers located in the stacking gel
increased in intensity (Fig. 5A). In a time kinetic experiment, we
observed that high-molecular-mass multimers augmented very
rapidly and in abundance (within 10 min following the addition of
glutaraldehyde), confirming the high potential for multimeriza-
tion of this protein (data not shown).

Based on these results, we thus reasoned that these high-mo-
lecular-mass signals, which were equally detected in insect and
mammalian cells, render ASP unstable in expressing cells. In order
to understand why ASP is poorly detected in mammalian cells,
expression of codon-optimized ASP was monitored in transfected
COS-7 cells in a time kinetic experiment. Cells transfected with
codon-optimized ASP expression vectors presented an increasing
signal up to 24 h, which quickly diminished and became faint at 48
h posttransfection (Fig. 5B). A concomitant increase in high-mo-
lecular-mass complexes was also apparent in transfected COS-7
cells (Fig. 5C). Data from these time kinetic experiments were also
confirmed in COS-7 cells transfected with the codon-optimized
ASP expression vector and analyzed by flow cytometry (Fig. 5D).
A significant decrease in the percentage of ASP-positive cells was
observed (from 17.66% at 24 h posttransfection to 9.72% at 48 h).
However, no comparable decrease in signals was noted in cells
expressing only enhanced GFP.

These results showed that ASP had a high potential for multi-
merization. Furthermore, codon-optimized ASP was detected
only at early time points following transfection of COS-7 cells and
was likely unstable. This might involve the formation of the mul-
timer complexes.

Autophagy is activated when ASP is expressed in mamma-
lian cells. Since our data argued that ASP could multimerize in
expressing cells, we reasoned that these aggregates could contrib-
ute to the instability of the protein. We first tested the proteasome

FIG 4 Detection of ASP by Western blotting. (A and B) COS-7 cells were transfected with pcDNA3.1 or expression vectors for nonoptimized or optimized
Myc-tagged ASP. (A) At 48 h posttransfection, cellular extracts were prepared using Buffer A or the RIPA buffer. (B) Cellular extracts were isolated as
hydrophobic or hydrophilic fractions. Western blot analyses were performed using an anti-Myc antibody. (C and D) COS-7 (C) and 293T (D) cells were
transfected with pcDNA3.1 or the Myc-tagged optimized ASP expression vector. After 48 h of transfection, cellular extracts were prepared and immunoprecipi-
tation was performed with the anti-ASP antibody prior to Western blot analyses with anti-Myc antibodies. Signals corresponding to the heavy and light
immunoglobulin chains are indicated next to each panel. IP, immunoprecipitation; IB, immunoblot.
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inhibitor MG132 in transfected cells and found no improvement
in ASP detection (data not shown). As autophagy is a cellular
mechanism linked to the degradation of aggregated proteins, we
next investigated its implication in ASP instability. Autophagy was
first inhibited with 3-MA, an inhibitor blocking the early step of
the formation of the phagophore (55). COS-7 cells were trans-
fected with the expression vector of codon-optimized ASP and
subsequently treated with 3-MA (Fig. 6). Confocal microscopy
revealed that 3-MA treatment indeed led to an improved detec-
tion of ASP in terms of both intensity and number of positive cells
(Fig. 6A). Importantly, the punctate nature of the ASP signal was
greatly reduced in 3-MA-treated cells compared to control cells,
while the percentage of ASP-positive cells significantly increased
when cell counts were performed (Fig. 6B and C). The inhibitor of
late-stage autophagy, bafilomycin A1 (56), was also tested, and
upon analyses by confocal microscopy, cells treated with this in-
hibitor did show an increase in the number of punctate-positive
cells, although the increase did not show statistical significance

(Fig. 6B and C). Similar analyses were conducted in GFP-optASP-
expressing U937 cells (Fig. 6D) and Myc-tagged optimized ASP-
expressing 293T cells (data not shown), which revealed again a
loss of punctate signals with a concomitant increase in the number
of ASP-positive cells upon 3-MA treatment in addition to an in-
crease in the number of punctate ASP-positive cells in bafilomycin
A1-treated cells. An increase in the punctate nature of the ASP
signal following late-step inhibition of autophagy was further
demonstrated in COS-7 cells using another similar inhibitor,
chloroquine (data not shown).

To further quantify changes in the level of ASP expression in
3-MA-treated COS-7 cells, flow cytometry analyses were per-
formed and revealed a 2- to 4-fold increase in the percentage of
non-codon-optimized or codon-optimized ASP-positive cells
(Fig. 7A). Similar results were observed in transfected 293T cells
following flow cytometry analyses (data not shown). Western blot
analyses confirmed the detection of monomeric ASP in both un-
treated and 3-MA-treated COS-7 cells, although no clear increase

FIG 5 ASP multimerizes in vitro and is unstable in mammalian cells. (A) Purified ASP isolated from baculovirus-infected Sf9 cells was incubated with different
concentrations of glutaraldehyde for 30 min and then analyzed by Western blotting with an anti-Myc antibody. The molecular mass marker is indicated on the
left side of the panel. (B and C) COS-7 cells were transfected with pcDNA3.1 or with nonoptimized or optimized Myc-tagged ASP expression vectors. From 8 to
48 h posttransfection, cellular extracts were prepared using the RIPA buffer and analyzed by Western blotting using an anti-Myc antibody. In panel C, the
high-molecular-mass signal was also compared between 8 and 16 h posttransfection. In these latter experiments, GAPDH was used as a loading control. (D)
COS-7 cells were transiently transfected with pcDNA3.1, peGFP-N1, or the optimized Myc-tagged ASP expression vector. At 24, 48, and 72 h posttransfection,
cells were fixed and permeabilized with formaldehyde and Triton X-100, as described in Materials and Methods. Cells were analyzed by flow cytometry using a
FACScan with an anti-Myc antibody, followed by the addition of a goat anti-mouse IgG antibody coupled to Alexa fluor 488 (for cells transfected with pcDNA3.1
or with the optimized Myc-tagged ASP expression vector). Data were acquired with CellQuest software. Values presented in each flow cytometry analysis
represent percentage of positive cells compared to similarly analyzed pcDNA3.1-transfected cells. MW, molecular mass (in kilodaltons).
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was noted; on the other hand, 3-MA treatment led to the detection
of the nonoptimized form of ASP, albeit at a low level (Fig. 7B).
However, an increase in ASP levels following 3-MA treatment was
more prominently observed with respect to high-molecular-mass
signals.

Taken together, these results indicated that ASP was likely de-
graded by autophagy, which contributed to strongly reducing the
stability of this viral protein in mammalian cells.

ASP expression leads to increased levels of the LC3-II iso-
form. Autophagy has recently been associated with HIV-1 repli-
cation in macrophages but has also been suggested to contribute
to CD4� T cell death (43, 46, 47, 50, 57). We next wanted to
determine if ASP could contribute to HIV-1-induced autophagy
by further addressing its induction potential. Expression levels of
two autophagy markers, LC3b-II and Beclin 1, was assessed in
COS-7 cells transfected with either non-codon-optimized or
codon-optimized ASP expression vectors. Western blot analyses
indicated an increase in both LC3b-II and Beclin 1 upon transfec-
tion of either ASP expression vector (Fig. 8A), which is better
illustrated following densitometry analyses (Fig. 8B and C). Upon
high exposure of the Western blot, the LC3b-I isoform, com-
monly weak in abundance in COS-7 cells, was also increased in
intensity upon ASP expression, an observation previously re-
ported for other induced autophagic pathways (58–60). To distin-

guish between an increase in the basal autophagic flux versus in-
duction of the autophagic pathway, COS-7 cells were transfected
with non-codon-optimized or codon-optimized ASP expression
vectors, followed by treatment with bafilomycin A1. As ex-
pected, an increase in the abundance of the LC3b-II form was
noted when ASP was expressed, and this was confirmed by
densitometry analyses (Fig. 8D and E). However, when au-
tophagy was inhibited by Baf A1 in optimized ASP-expressing
cells, LC3b-II levels were poorly induced, thereby suggesting
that ASP itself induced autophagy and does not act solely by
modulating basal autophagy.

Taken together, these results confirmed that expression of ASP
leads to the induction of autophagy, and that this induction is
blocked by 3-MA.

ASP interacts with LC3 and colocalizes in a punctate manner.
Given that the LC3-II marker was indeed induced upon ASP ex-
pression, it was important to determine if ASP localized in au-
tophagosomes. Confocal microscopy analyses were performed in
COS-7 cells cotransfected with codon-optimized ASP and GFP-
LC3 expression vectors (38, 39). As expected, greater than 90% of
cells were positive for GFP-LC3 only (Fig. 9A). In these cells, the
LC3 signal presented a punctate distribution, although a more
heterogeneous cytoplasmic signal was also observed. In double-
positive cells, ASP and LC3 showed a significant level of colocal-

FIG 6 Induction of autophagy following ASP expression in COS-7 cells. (A) COS-7 cells were transfected with pcDNA3.1 or the optimized Myc-tagged ASP
expression vector. Cells were then left untreated (NT) or were treated with 3-MA (10 mM) for 24 h or Baf A1 (100 nM) for 2 h. At 36 h posttransfection, cells were
stained with PI (red) and incubated in the presence of anti-Myc antibodies, followed by goat anti-mouse IgG coupled to Alexa fluor 488. Cells were then observed
by laser-scanning confocal microscopy using a 60� objective under oil immersion and with a numerical aperture of 1.4. The LaserSharp software was used for
image acquisition. Merged signals are also presented on the right. Scale bars, 10 �m. (B and C) Untreated or treated transfected cells were counted in terms of
number of positive cells (B) or of positive cells with punctate signals (C). Three images were used per condition, and values are expressed as percentages � SD
from the total cell number evaluated as averages from triplicates and two independent experiments. *, P 	 0.05; **, P 	 0.01. (D) U937 cells were transfected with
pcDNA3.1 or the GFP-optimized ASP expression vector. At 24 h posttransfection, cells were plated on coverslips in the presence of 50 ng/ml PMA for 18 h. Cells
were then left untreated (NT) or were treated with 3-MA (2.5 mM) for 4 h or Baf A1 (100 nM) for 2 h and visualized with the Nikon A1 laser-scanning confocal
microscope using a 20� objective and with a numerical aperture of 1.4. The NIS software was used for image acquisition. Scale bars, 5 �m.

HIV Antisense Protein and Autophagy

May 2013 Volume 87 Number 9 jvi.asm.org 5097

http://jvi.asm.org


ization, and their distribution was often shared in punctate struc-
tures. Since the GFP signal is sensitive to low pH, these structures
were identified as being autophagosomes as opposed to more
acidic autolysosomes (59, 61, 62). When autophagy was inhibited
at late stages by Baf A1 treatment, colocalization between ASP and
GFP-LC3 was more clearly noted (Fig. 9B). We also conducted
coimmunoprecipitation experiments in COS-7 cells transfected
with the Myc-tagged optimized ASP expression vector. Upon im-
munoprecipitation of ASP, LC3b-II was detected, suggesting that
it interacted with ASP (Fig. 9C).

These results indicated that ASP expression indeed induces
autophagy, and that ASP at least partially localizes in autophago-
somes along with the LC3 marker and, further, was part of a com-
mon complex.

ASP expressed from the proviral DNA induces autophagy
and can be detected upon 3-MA treatment. We have previously
demonstrated that antisense transcription is greatly increased in
HIV-1 proviral DNA deleted of its 5= LTR (27). As autophagy
inhibition by 3-MA treatment improved the detection of ASP, we
reasoned that the use of such a proviral DNA clone upon au-
tophagy inhibition would lead to ASP detection. COS-7 cells were
transfected with pNL4.3�5=LTR-ASP-Myc WT, an NL4.3 version

deleted of its 5= LTR in which a Myc tag was inserted at the COOH
end of the ASP ORF (Fig. 10A). For comparison, an equivalent 5=
LTR-deleted construct expressing a Myc-tagged truncated ASP,
resulting from the insertion of a stop codon at amino acid
position 67, was also transfected in COS-7 cells. Cells were
treated with 3-MA, and cellular extracts were then subjected to
immunoprecipitation with anti-ASP and analyzed with anti-
Myc antibodies by Western blotting. Interestingly, a band at
the expected molecular mass was observed in COS-7 cells
transfected with pNL4.3�5=LTR-ASP-Myc WT but not in cells
transfected with the mutated version of the proviral DNA clone
(Fig. 10B).

Since these results also suggested that ASP was unstable even
when expressed from proviral DNA, we sought to confirm that
ASP in this context also mediated autophagy. Expression levels
of LC3b-II were analyzed in COS-7 cells transfected with
pNL4.3�5=LTR-ASP-Myc WT, pNL4.3�5=LTR-ASP67stop-
Myc, and nontagged pNL4.3�5=LTR-ASP WT. Western blot
analyses demonstrated a significant increase of LC3b-II after
transfection for all tested proviral DNAs, which was confirmed
by densitometry analyses (Fig. 10C and D). Interestingly, the
mutated version of pNL4.3�5=LTR-ASP WT showed a signifi-

FIG 7 Inhibition of autophagy increases the number of ASP-positive cells. (A) COS-7 cells were transfected with pcDNA3.1 or with nonoptimized or optimized
Myc-tagged ASP expression vectors. At 16 h posttransfection, cells were left untreated (NT) or were treated with 3-MA (10 mM) during 24 h. Cells were then analyzed
by flow cytometry using an anti-Myc antibody followed by a goat anti-mouse IgG antibody coupled to Alexa fluor 488. Data were acquired with CellQuest software.
Percentages represent the averages � SD from three independent experiments. (B) COS-7 cells were transfected with pcDNA3.1 or with nonoptimized ASP or optimized
Myc-tagged ASP expression vectors. At 16 h posttransfection, cells were treated with 3-MA (10 mM), and after 24 h of treatment, cells were analyzed by Western blotting
using an anti-Myc antibody. High-molecular-mass signals are presented in the top panel while the monomeric ASP form is shown in the bottom panel.
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cant reduction in the level of induced LC3b-II. These results
represented the first evidence that proviral DNA-dependent
ASP expression induces autophagy.

In light of these results, ASP localization was further analyzed
in COS-7 cells transfected with pNL4.3�5=LTR-ASP-Myc WT.
Confocal analyses revealed few ASP-positive cells, but impor-
tantly, a punctate expression pattern of ASP was observed under
these conditions (Fig. 10E). After inhibition of the late steps of
autophagy with Baf A1 treatment, the same pattern of ASP distri-
bution was observed in COS-7 cells, although a more evident
punctate pattern was noted (Fig. 10E). To further confirm au-
tophagy induction in pNL4.3�5=LTR-ASP-Myc WT-transfected
cells, LC3 distribution was assessed upon cotransfection of the
GFP-LC3 expression vector in COS-7 cells. A significant increase
in GFP-LC3� punctate signals was observed in cells transfected
with pNL4.3�5=LTR-ASP-Myc compared to cells similarly trans-
fected with the control vector (Fig. 10F and G). When transfected
cells were treated with Baf A1, a more substantial number of cells
showing LC3 punctate signals was observed.

These results demonstrated that proviral DNA-expressing ASP
can be detected and is sufficient to induce autophagy, which likely
affects its stability in transfected cells.

ASP affects HIV-1 replication through induction of au-
tophagy. Since autophagy has been previously shown to affect HIV-1
replication in various cell lines (46, 63, 64), we tested whether the ASP

mutant in the context of the full-length untagged proviral DNA af-
fected HIV-1 replication. ASP-mutated pNL4.3ASP67stop was first
compared to parental wild-type pNL4.3 in transfected 293T and
HeLaCD4-LTR/�gal cells (Fig. 11A). These transfection experiments
demonstrated that extracellular p24 levels were reduced in cells trans-
fected with ASP-mutated proviral DNA, which was consistent with
our previous studies using a differently ASP-mutated version of
pNL4.3 (33). To study the impact of ASP on autophagy, both U937
and Jurkat cell lines were tested to confirm previous studies indicating
that autophagy was affecting HIV-1 replication in opposing ways
(46). As depicted in Fig. 11B, 3-MA-treated U937 cells showed re-
duced p24 production, while in Jurkat cells, 3-MA led to more pro-
nounced extracellular p24 levels. As previous studies had indicated
that monocytes were a more potent cell type for ASP expression (27,
31), U937 cells were selected to carry out transfection experiments
with pNL4.3 or pNL4.3-ASP67stop proviral DNA (Fig. 11C). As ex-
pected, the ASP-mutated proviral DNA led to reduced HIV-1 repli-
cation, as measured by p24 ELISA. Upon 3-MA treatment, extracel-
lular p24 levels were drastically reduced in pNL4.3-transfected cells,
while p24 levels were less affected in ASP-mutated NL4.3-transfected
cells. To further confirm these results, VSVg-pseudotyped NL4.3 vi-
rions and equivalent pseudotyped ASP-mutated NL4.3 virions were
used to infect U937 cells (Fig. 11D). Again, NL4.3 WT-infected U937
cells were more efficient in replicating HIV-1 than ASP-mutated ver-
sions. Furthermore, 3-MA treatment led to a more pronounced re-

FIG 8 Increase in expression levels of autophagic markers LC3b-II and Beclin 1 upon ASP expression. (A) COS-7 cells were transfected with pcDNA3.1 or with
nonoptimized or optimized Myc-tagged ASP expression vectors. At 24 and 48 h posttransfection, cellular extracts were analyzed by Western blotting using
anti-LC3b, anti-Beclin 1, and anti-GAPDH antibodies. A high exposure of the membrane is also presented in the second upper panels for visualization of the
LC3b-I signal. (B and C) Densitometry analyses of LC3b-II and Beclin 1 expression levels were calculated and normalized to the GAPDH signal using Quantity
One and GraphPad Prism software. (D) COS-7 cells were transfected with pcDNA3.1 or with nonoptimized or optimized Myc-tagged ASP expression vectors.
At 34 h posttransfection, cells were left untreated (NT) or were treated with Baf A1 (100 nM) for 2 h. Cellular extracts were then prepared and analyzed by Western
blotting using anti-LC3b and anti-GAPDH antibodies. The LC3b-II form is presented in the top panel. GAPDH is shown as a control in the bottom panel. (E)
Densitometry analyses of LC3b-II expression levels were calculated and normalized to GAPDH signals using Quantity One and GraphPad Prism softwares. *, P 	
0.05; **, P 	 0.01; ***, P 	 0.001.
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duction in WT NL4.3 virion production than for ASP-mutated
NL4.3 virions, especially at day 3 postinfection.

These results strongly suggest that ASP has an important effect
on HIV-1 replication through its capacity to induce autophagy.

DISCUSSION

Since the early identification of a conserved ORF in the antisense
strand of the HIV-1 proviral DNA, numerous studies have pro-
vided evidence that antisense transcription in HIV-1 and the re-
sulting encoded ASP are produced, although the detection of this
viral protein has been a long-standing issue. Difficulty in the de-
tection of this viral protein in mammalian cells is not an uncom-
mon phenomenon, as, for example, certain HTLV-1 proteins are
similarly difficult to detect in infected cells (65). It should also be
stressed that its high level of conservation, observed in various
sequenced isolates, makes this ORF likely to be translated into a
viral protein. Based on this evidence and previous reports, in this
study, our goal was to clearly detect the ASP in mammalian cells
and to determine what mechanism causes its expression to be
poorly detected. For the first time, we have indeed detected ASP in
transfected mammalian cells by Western blotting. Although sev-
eral reasons seem to be responsible for the low level of ASP de-
tected in transfected cells, our results argue that the autophagy-
inducing capacity of this protein, potentially linked to the
formation of high-molecular-mass multimers, importantly and
rapidly reduces intracellular levels, especially in overexpression
conditions. However, it is important to note that ASP might also
induce autophagy by other mechanisms. Refined cellular localiza-
tion experiments indicated that ASP was indeed localized to au-
tophagosomes.

The first objective of our study was to demonstrate that the
identified antisense transcript, characterized by our team and oth-
ers (1, 2, 25–31), could be translated in an antisense protein. The

first tested eukaryotic system was the Sf9 insect cell line, which
permitted us to detect ASP by confocal microscopy, flow cytom-
etry, and Western blot analyses. Compared to other proteins pro-
duced in this model, ASP production was lower than the average
level of production and in fact did not permit us to achieve levels
high enough for antibody production. ASP was similarly weakly
expressed in mammalian cell lines, as determined by confocal mi-
croscopy and flow cytometry analyses. We have thus opted for
codon optimization of its cDNA, a method which had already
been used for other HIV-1 proteins, such as Vpu and Vif (54). This
approach led to improved detection of ASP by flow cytometry and
confocal microscopy and allowed us to provide the first Western
blot detection of the protein in mammalian cells. An immunopre-
cipitation experiment with an anti-ASP antibody was further op-
timized for its more pronounced detection. Although codon op-
timization is based on the fact that some codons are preferentially
used for translation, earlier studies using codon optimization
demonstrated that altered sequences in the mRNA led to greater
RNA stability and more efficient nucleocytoplasmic RNA trans-
port (53). Thus, our results suggest that inhibitory sequences,
such as INS, IN, and CTS motifs, might be present in antisense
transcripts and act upon nuclear export of mRNA. Alternatively,
codon optimization of the ASP sequence might disrupt the for-
mation of RNA stem-loop structures, such as the predicted partial
antisense RRE structure, which would then lead to an improved
translation capacity of these transcripts. Further experiments are
needed to discern the exact mechanism by which codon optimi-
zation drastically improves ASP detection in mammalian cells.

Through flow cytometry, confocal microscopy, and Western
blot analyses, our results suggest that localization of ASP is par-
tially concordant with previously published electron microscopy
results showing membrane association and cytoplasmic and

FIG 9 ASP-specific punctate signals colocalize and interact with LC3b. (A and B) COS-7 cells were cotransfected with optimized Myc-tagged ASP and GFP-LC3
expression vectors. Cells were either left untreated (A) or were treated with Baf A1 (100 nM) for 2 h prior to analyses (B). After 36 h of transfection, fixed cells were
incubated with anti-Myc antibodies followed by a goat anti-mouse IgG antibody coupled to Alexa fluor 488. Cells were observed by laser-scanning confocal
microscopy using a 60� objective under oil immersion and with a numerical aperture of 1.4. Colocalization analyses were performed using ImageJ software.
Merging of ASP (red) and LC3 (green) signals is depicted on the right. Scale bars, 10 �m. (C). COS-7 cells were cotransfected with pcDNA3.1 or the optimized
Myc-tagged ASP expression vector. After 36 h of transfection, cellular extracts were first immunoprecipitated with anti-ASP antibodies and then analyzed by
Western blotting using anti-LC3b antibodies. Total cellular extracts were similarly analyzed (bottom panel).
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FIG 10 Detection of Myc-tagged ASP from NL4.3 proviral DNA and increase in LC3b-II levels. (A) Representation of Myc-tagged ASP and its mutated version
containing an in-frame stop codon at codon 67, which was generated in the NL4.3 proviral DNA. (B) COS-7 cells were transfected with the pcDNA3.1,
pNL4.3�5=LTR-ASP-Myc WT, or pNL4.3r5=LTR-ASP67stop-Myc proviral DNA construct. Cells were treated with 3-MA (10 mM) for 18 h prior to analyses. At
24 h posttransfection, immunoprecipitation was performed on cellular extracts with the anti-ASP antibody, and ASP was detected by Western blotting with
anti-Myc antibodies. (C) COS-7 cells were transfected with pcDNA3.1, pNL4.3�5=LTR-ASP-Myc WT, pNL4.3�5=LTR-ASP WT, or pNL4.3�5=LTR stop-Myc
proviral DNA construct. At 48 h posttransfection, Western blot analyses were performed using anti-LC3b and anti-GAPDH antibodies. (D) Densitometry
analyses of LC3b-II expression levels were calculated and normalized with GAPDH signals using Quantity One and GraphPad Prism software. (E) COS-7 cells
were transfected with pNL4.3�5=LTR-ASP-Myc and left untreated (DMSO) or were treated with Baf A1 (100 nM) for 2 h prior to analyses. At 36 h posttrans-
fection, fixed cells were incubated with anti-Myc antibodies followed by a goat anti-mouse IgG antibody coupled to Alexa fluor 488. Nuclei were stained with PI.
Cells were observed with a Nikon A1 laser-scanning confocal microscopy using a 60� objective under oil immersion and with a numerical aperture of 1.4. Scale
bars, 5 �m. F. COS-7 cells were cotransfected with pGFP-LC3 along with pcDNA3.1 or pNL4.3�5=LTR-ASP-Myc WT. Cells were either left untreated (DMSO)
or were treated with Baf A1 (100 nM) for 2 h prior to analyses. After 36 h of transfection, cells were fixed and nuclei were stained with PI. Cells were observed by
Nikon A1 laser-scanning confocal microscopy using a 60� objective under oil immersion and with a numerical aperture of 1.4. G. GFP-LC3� punctate signals
were counted for each cell (for a total of approximately 30 GFP-positive cells per condition). **, P 	 0.01; ***, P 	 0.001.
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plasma membrane distribution (31–33). However, in our hands,
ASP did not localize to the nucleus and confirms our previous
confocal microscopy results in transfected T cells (33). In addi-
tion, our results agreed with in silico analyses (3), which also sug-
gested that ASP is associated with membrane (plasma membrane
or intracellular membranes). Indeed, enrichment of our extracts
with membrane proteins and the use of the RIPA lysis buffer all led
to more pronounced ASP signals in our Western blot analyses.

Our Western blot analyses have also indicated that ASP formed
very stable high-molecular-mass aggregates, even in loading buf-
fer conditions containing �-mercaptoethanol, DTT, and SDS.
These aggregates were also detectable subsequent to immunopre-
cipitation and were confirmed by our glutaraldehyde assay. Thus,
ASP likely forms aggregates upon expression in cells. Recently,
study on the �-amyloid protein and p53 demonstrated that for-
mation of aggregates led to sequestering of essential cellular pro-
teins (66, 67). It will be important in future studies to determine if
ASP similarly has the capacity to interact with cellular proteins
and thereby affect diverse cellular mechanisms.

Using inhibitors and the LC3-II marker, we provide evidence
that ASP overexpression induces autophagy in transfected cells,

which could represent a cellular mechanism linked to its instabil-
ity. In fact, our confocal microscopy experiments revealed a punc-
tate distribution in the cytoplasm of ASP-positive cells in all tested
cell types, which was reminiscent of autophagosomes. The esti-
mated size of puncta was similar to the known size of autophago-
somes (ranging between 0.5 and 1.5 �m) (68). Inhibition of au-
tophagy at its early step by treatment with 3-MA led to an
important loss of ASP puncta, whereas treatment with Baf A1 and
chloroquine, late-step inhibitors, tended to stabilize these ASP-
positive punctate structures, thereby strongly suggesting the au-
tophagosome nature of these signals. Additional results demon-
strated that ASP induced the LC3b-II isoform and the Beclin 1
autophagy markers, and that ASP localized to autophagosomes, as
illustrated by colocalization with LC3. Interestingly, our coimmu-
noprecipitation experiments also suggest that ASP and LC3b-II
were interacting either directly or indirectly. This interaction
might represent an alternative explanation for the autophagy-in-
ducing capacity of ASP. This colocalization further argues that the
increase in ASP levels in 3-MA-treated cells could be mediated by
the inhibition of the final step of autophagy (formation of autoly-
sosomes), which would lead to ASP degradation (38).

FIG 11 ASP modulates HIV-1 replication in U937 cells through autophagy. (A) HeLa and 293T cells were cotransfected with pcDNA3.1, pNL4.3-ASP WT, or
pNL4.3-ASP67stop along with pRcActin-LacZ. Supernatants were harvested at 48 h posttransfection, quantified for p24 levels by ELISA, and normalized for
�-galactosidase activity. (B) U937 and Jurkat cells were cotransfected with pNL4.3-ASP WT along with pRcActin-LacZ. Cells were left untreated (NT) or were
treated with 3-MA for 4 h prior to harvest of supernatants and assessment of normalized extracellular p24 levels. (C) U937 cells were transfected with pcDNA3.1,
pNL4.3ASP-WT, and pNL4.3-ASP67stop along with pRcActin-LacZ. Cells were left untreated (control [CTL]) or were treated with 3-MA for 4 h prior to harvest
of supernatants and assessment of normalized extracellular p24 levels. (D) U937 cells were infected with VSV-g-pseudotyped NL4.3-env�-ASP WT or NL4.3-
env�-ASP67stop virions and treated with 3-MA or left untreated. Supernatants were harvested at 3 or 6 days postinfection and assessed for p24 levels. *, P 	 0.05;
***, P 	 0.001.
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Autophagy has been implicated recently in HIV-1 replication
(63, 69, 70). In viral infection, autophagy is a cellular mechanism
mainly involved in the elimination of incoming viruses (71–74).
However, DNA and RNA viruses can modulate autophagy, and
this biological process can actually help in accentuating the pro-
gression of the infection (72). In fact, HIV-1 does interact with the
autophagic pathway. A functional genomic screen has indeed
identified Atg proteins (Atg7, Atg12, Atg16, etc.) as host proteins
essential for HIV-1 infection (75). Interestingly, in CD4� T cells,
the Env protein, upon interaction with CD4 on the surface of
uninfected T cells, mediates autophagy and subsequent apoptosis
(45). In contrast, in macrophages, the induction of the initial steps
of autophagy is required for the processing of gag and greatly
contributes to increasing viral yield (47). However, HIV-1 inhibits
autophagy at its late stage through the interaction of the viral
protein Nef with Beclin 1 (47). Other studies have confirmed this
divergent response toward HIV-1 according to cell type (46, 49).

More importantly, our results have also provided specific de-
tection of ASP from an HIV-1 proviral DNA with a 5= LTR-deleted
version in order to lessen potential interference from sense tran-
scription on antisense transcription, as we had previously sug-
gested (27). In the context of the proviral DNA, inhibition of
autophagy was required in order to detect ASP, which might re-
flect the fact that the proviral DNA was deleted of its 5= LTR and
thereby did not express Nef, a presumed inhibitor of the late au-
tophagy step leading to the degradation pathway (47). We have
further demonstrated that proviral DNA-expressed ASP can be a
potential inducer of autophagy, since transfection of the 5= LTR-
deleted proviral DNA significantly increased levels of the LC3b-II
form. This autophagy marker again demonstrated an ASP-depen-
dent punctate distribution, which was further stabilized by Baf A1.
Further evidence for autophagy was also indicated by the similar
cellular distribution of ASP itself and the Baf A1-sensitive nature
of the signal in these transfection experiments. Interestingly, the 5=
LTR-deleted version of pNL4.3 expressing the truncated form of
ASP also led to the induction of autophagy, but to a more limited
extent, based on LC3-II levels. These results suggest that the first
66 amino acids of ASP, although capable of inducing autophagy,
did not lead to optimal induction. Possible partial autophagy in-
duction by this mutant suggests a retained capacity to multimerize
or other features of ASP, such as its capacity to interact with LC3b.
Further study will be needed to identify this important ASP re-
gion.

In order to more clearly confirm that ASP was inducing au-
tophagy in the context of full HIV-1 proviral DNA, we have fur-
ther tested wild-type and ASP-truncated proviral DNAs in the
U937 cell line. As opposed to transfected Jurkat T cells, WT HIV-1
proviral DNA-transfected U937 cells were strongly affected in
their capacity to replicate HIV, in agreement with former studies
on the effect of autophagy on HIV-1 replication in T versus mono-
cytic cells (46, 47). Our result have also demonstrated that, in
293T, HeLa, and U937 cells, the mutated ASP version did not
replicate HIV-1 as efficiently as the WT proviral DNA, thereby
corroborating our previous report using a different ASP-mutated
proviral DNA (33). Furthermore, in transfection experiments in
U937 cells, p24 levels observed in 3-MA-treated cells were less
affected in cells transfected with the mutated ASP proviral DNA
than in WT NL4.3-transfected cells. A similar trend was also noted
in infection experiments, albeit to a lesser extent (especially at later
time points). Therefore, our results suggest that ASP is required

for optimal HIV-1 replication in monocytic cells through induc-
tion of autophagy. Based on previous data from Kyei et al. (47),
however, we predict that induced autophagy is blocked at the au-
tophagosome-lysosome fusion step via Nef. Interestingly, previ-
ous data from our team and collaborators have suggested that
monocytic cell lines seem to express higher levels of HIV-1 anti-
sense transcripts than T cells (27, 31).

In conclusion, we demonstrate the detection of ASP by West-
ern blot analyses using a codon-optimized expression vector of
ASP and through inhibition of autophagy. We further speculate
that this induced autophagy is important for HIV-1 replication in
monocytic cells. Future studies will be needed to dissect the role of
ASP in viral replication in different cell types and to further un-
derstand its link to autophagy.
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